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Abstract  
La3+ doped TiO2 photocatalysts were successfully synthesized by combustion method in the presence of 
urea and were characterized by various physico-chemical techniques. Further, the photocatalytic 
performance of the synthesized catalysts was monitored by photocatalytic degradation of synthetic 
cationic dye-Methylene Blue (MB) under solar illumination. The bicrystalline phase of anatase and 
rutile was confirmed by X-ray diffraction analysis. Moreover, the transformation from anatase to rutile 
phase proceeds at a slower rate in the La3+ doped TiO2 catalysts. Effective separation of charge 
carriers, a synergistic effect in the bicrystalline framework of anatase and rutile, smaller crystallite 
size, and higher concentration of surface adsorbed hydroxyl groups helped these catalysts to show 
improved activity for the dye degradation. Copyright © 2018 BCREC Group. All rights reserved 
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Research Article 
1. Introduction 
Heterogeneous photocatalysis with TiO2 in 
presence of sunlight is a developing technology 
for removing organic pollutants from atmos-
phere and waste water. The application of tita-
nium dioxide has been widely focused on the 
photosensitive behavior and exploited in several 
applications concerning the environmental field 
and solar cells [1]. Because of the strong redox 
capacity, chemical inertness, cost effectiveness 
and bio-compatibility, titanium dioxide has been 
considered as the superior semiconductor photo-
catalyst [2]. However, the overall efficiency of 
TiO2 is limited to the UV region, which is only 
four percentage of the solar energy reaching  the 
surface of earth. The TiO2 can utilize a small 
part of the solar spectrum for photocatalytic ac-
tivity due to its wide band gap. In recent years, 
the major challenge in photocatalysis is to 
widen the absorption spectrum of titanium diox-
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ide to the higher wavelength region [3-5]. The 
major drawback in photocatalysis is low quan-
tum yield. Numerous works reported suggests 
that the key to widen the spectral range of ab-
sorption of titania is by doping it with various 
metal ions..  
Different concentration of various metal 
ions (Al3+, Cr3+, Si4+, ZnO, CeO2, Ta5+, Nb5+, 
Sb2O5, PO43-, SO42-, Cl-, Pt) as dopants on tita-
nia has been reported by various researchers 
[6-11]. These dopants act as electron traps and 
reduce the rate of recombination, which helps 
in the displacement of the absorption of TiO2 to 
the visible region. This is due to the increase in 
the concentration of organic pollutants at the 
surface of the catalyst. Functional groups pre-
sent in the organic pollutants interact with the 
f orbitals of rare earth ion, resulting in in-
creased photoactivity [12-15]. Lin et al. [16] 
showed that mixtures of titania with La2O3 or 
Y2O3 exhibit enhanced photoactivity towards 
the oxidation of acetone. Xu et al. [17] have 
used sol-gel method to prepare different rare 
earth doped TiO2 and found that the amount of 
rare earth was an important factor affecting 
photocatalytic activity. Xie et al. [18] explained 
the Nd3+ doped titania sol for the higher visible 
light photoactivity. Higher activity for the deg-
radation of p-chlorophenoxy acetic acid has 
been studied over Eu2+, Yb3+, Pr3+ doped titania 
[12]. Sm3+ doping leads to considerable modifi-
cation in the photo catalytic activity of TiO2 for 
cango red dye degradation under visible light 
[19]. Sun et al. [20] reported a decrease in band 
gap after doping rutile titania by Pt. Recently, 
the mixed phase of anatase and rutile is shown 
to exhibit higher photo activity compared to the 
pure anatase or rutile phase. This is due to the 
synergistic effect between these two phases 
[21]. 
In recent years, combustion synthesis has 
been used as a versatile method for the synthe-
sis of catalyst. Compared to other methods, 
there are some obvious advantages in combus-
tion method as they can be easily repeated, the 
reaction is safe and quick, no complicated ex-
perimental procedures and are environment-
friendly. But to the best of our knowledge, no 
literature is found on the synthesis of La3+ 
modified titania by combustion method. Never-
theless, the aim of the present work is to syn-
thesize the La3+ doped TiO2 catalyst by combus-
tion method and to investigate its photocata-
lytic activity over the photodegradation of MB 
dye under illumination of solar light.  
2. Materials and Methods 
2.1 Materials 
T i t a n i u m  t e t r a  i s o p r o p o x i d e 
(Ti{OCH(CH3)2}4, Sigma Aldrich) named as 
TTIP, Lanthanum nitrate (La(NO3)3.6H2O, 
Merck Chemicals), Glycine (C2H5NO2, Merck 
Chemicals), and Methylene Blue (BDH) were 
used without further purification.  
 
2.2  Catalyst preparation 
TiO2 nanoparticle was prepared by combus-
tion synthesis method [22]. TTIP and glycine in 
5:1 ratio was mixed well transferred into a cru-
cible and fired at 500 oC in a pre heated muffle 
furnace for 4 hours. Glycine was used as an or-
ganic fuel during the process. In a mortar, re-
quired amount of lanthanum nitrate and gly-
cine were mixed and to this mixture TTIP is 
added drop wise. It was transferred into a cru-
cible and was placed in a 500 oC pre heated 
muffle furnace for 4 hours. The La3+ doping 
was done using different mol percentages like 
0.5, 1, and 2. The combusted puffy and porous 
powder obtained was sieved and named as 
0.5LaTiO2, 1LaTiO2 and 2LaTiO2, respectively. 
 
2.3 Catalyst characterization 
The crystallite phase of the catalysts and 
variation of lattice parameter upon doping with 
La3+ ions were determined by X-ray diffraction 
(XRD) measurements using PANalytical Xpert 
Pro X-ray Diffractometer using Cu-Kα radia-
tion (λ = 0.154 nm) at 40 kV, at a scanning rate 
of 2° min-1. The specific surface area of the 
powders was measured by Brunauer Emmett 
Teller (BET) method in which N2 gas was ad-
sorbed at 77 K using Micromeritics Gemini 
surface area analyzer using nitrogen as an ad-
sorbate. EDX and SEM analysis were carried 
out in Quanta ESCM, FEI instrument to ob-
tain compositional information of the metal 
ions incorporated into the TiO2 lattice and sur-
face morphology respectively. Light response of 
the catalysts were recorded in the range of 200-
900 nm on Labomed UV-Vis double beam 
UVD-500 spectrophotometer with a CCD detec-
tor, using BaSO4 as reflectance standard. 
Kubelka-Munk method was used to calculate 
the band gaps of the photocatalysts. Tempera-
ture programmed desorption of ammonia (NH3-
TPD) was used to determine the total acidity of 
the sample. 
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2.4  Measurement of photocatalytic     
properties: degradation of methylene blue 
The photocatalytic activity of titania and 
modified titania were evaluated via the degra-
dation of MB in aqueous solution under solar 
irradiation. The photocatalyst (0.20 g) was 
added into a 100 mL (2.80×10-5 MB) solution. 
The suspension was stirred in dark for 30 min-
utes in order to reach the adsorption-desorption 
equilibrium. Photocatalytic activity was per-
formed between 11 am and 2 pm during the 
summer season in Bangalore, India, having 
latitude 12.96670 N and longitude 77.5660 E. 
The average intensity of sunlight was 12.76 
W/m2. A convex lens was used to concentrate 
the solar light and the reaction mixture was ex-
posed to this concentrated solar light. To com-
pare the photocatalytic activity of all the cata-
lysts, the experiments were simultaneously 
conducted to avoid the error arising due to the 
fluctuations in solar intensity (At this time in-
terval the fluctuation in solar intensity was 
minimum). The filtrates collected at different 
time intervals were analyzed by UV-vis spec-
troscopic technique using a Shimadzu UV-Vis 
1800 Spectrophotometer from 400 to 800 nm.   
 
3. Results and Discussion 
3.1 Catalyst characterization  
Figure 1 depicts the X-ray diffraction (XRD) 
patterns of TiO2 and doped TiO2. XRD results 
showed that mixtures of anatase and rutile 
phase are seen in all the samples. The peaks at 
2θ = 25.3° (101), 48.1° (200) and 37.7° (004) 
represent anatase form of TiO2 while those at 
2θ = 27.4° (110), 54.2° (211) and 41.2° (111) are 
the characteristics of the rutile phase. The 
Spurr and Meyer’s equation [23] (XR = 
(1+0.8IA/IR)-1) is used to estimate the percent-
age (XR) of the rutile phase, where IA and IR 
represents the intensity of the anatase peak at 
2θ = 25.3° and rutile peak at 2θ =27.4°. More-
over, the average crystallite size was calculated 
using Scherer’s equation [24] (D = kλ / β cos θ), 
where D is the crystalline size (nm), k is the 
shape factor and is equal to 0.9, λ is the wave-
length of the X-rays (0.15418 nm); β is the line-
width at the half maximum of the anatase (at 
2θ = 25.3°) or of the rutile (at 2θ = 27.4°) peak 
and θ is the diffraction angle. The solid surface 
can be estimated using the following relation: 
(S = 6/ρD), where ρ is the density of TiO2 
(anatase = 3.84 g.cm-3 and rutile = 4.13 g.cm-3) 
and D is the crystallite size (mm) [25]. The re-
sults are tabulated in Table 1. Further, the 
La3+ ion effectively hinders the growth of crys-
tallite size and hence suppresses the transfor-
mation of anatase to rutile phase. Relative ra-
tio of rutile to anatase is reduced with lower 
lanthanum content. No peaks corresponding to 
lanthanum was observed in any of the doped ti-
tania which may be due to its low concentra-
tion. 
Figure 1. XRD pattern of (a) TiO2, (b) 
0.5LaTiO2, (c) 1LaTiO2, (d) 2LaTiO2 (A-Anatase 
(JCPDS Card no. 21-1272), R-Rutile (JCPDS 
Card no. 21-1276)) 
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Table 1. Results of XRD analysis of the catalysts  
Catalysts 
2θ 
(degrees) 
 
d spacing 
(Å)   
 
Phase  
compo-
sition 
 
Lattice  
parameters 
(Å)  
 
Crystallite 
size (nm) 
Solid sur-
face  
(m2.g-1) 
A* R*  A R  A:R  a=b c  A:R R 
TiO2 25.3 27.3  3.53 3.26  28:72  4.610 2.958  27:36 40.3 
0.5LaTiO2 25.3 27.4  3.53 3.26  32:68  4.610 2.958  26:31 46.9 
1LaTiO2 25.3 27.4  3.53 3.26  29:71  4.610 2.958  17:29 50.1 
2LaTiO2 25.3 27.5  3.53 3.26  21:79  4.610 2.958  27:26 55.8 
A*-Anatase 101 plane, R*-Rutile 110 plane  
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The lattice parameters calculated (Table 1) 
using the Bragg’s equation, (dhkl = l/2 sin θ), in-
dicates that there is no change in these values 
after doping. This indicates that La3+ could not 
enter the titania lattice due to the large ionic 
radii of La3+ compared to Ti4+. Further, the 
XRD patterns are composed of a significant 
amount of rutile phase and sharp intense peaks 
depicts the crystalline nature of the modified 
sample. Introduction of larger ‘La’ ions induces 
strain energy in the crystal, which inhibits the 
phase transition from anatase to rutile.  
The existence of Ti, La, and O elements on 
the prepared sample was vindicated by EDX 
spectroscopy analysis. It is also useful to detect 
the traces of other materials such as dopants or 
adducts. The intensity of the peaks is directly 
related to the amount of elements present in 
the sample. Atom percentage of each and every 
element present in the modified samples was 
calculated and tabulated (Figure 2). This con-
firmed the successive incorporation of dopants 
into the TiO2 system.  
The morphology of the prepared catalysts 
was investigated using SEM images (Figure 3). 
The catalyst morphology influences the light 
absorption ability and generation of excited 
ions, which in turn gets reflected in its effi-
ciency. The prepared samples consist of nearly 
spherical particles with some degree of aggre-
gation. The shapeless structures in the image 
are mainly due to aggregation which may occur 
during solution combustion synthesis. Spheri-
cal particles enhanced the surface area of the 
prepared system which in turn improved the 
activity.  
Surface areas of modified samples were 
found to be high compared to bare sample. The 
results are tabulated in Table 2. Lower crystal-
lite size and nucleation sites introduced by 
dopants are the major reasons for high surface 
area of the modified systems. Average pore di-
ameter is calculated using the formula (d = 
4Vp/Sp) (assuming the pores are cylindrical), 
where Vp is the pore volume, Sp is the surface 
area, and d is the average pore diameter. Pore 
Table 2. BET surface area and pore volume of 
the catalysts  
Catalyst 
BET  
surface area 
(m2/g) 
Pore  
Volume  
(10-6 m3/g) 
Pore diameter  
(10-9 m) 
TiO2 58.8 0.10 6.8 
0.5La TiO2 98.3 0.14 5.7 
1La TiO2 82.4 0.20 9.7 
2La TiO2 73.0 0.22 12.1 
Figure 3. Scanning electron microscopy images 
of the prepared catalysts  
Figure 2. EDAX results of the prepared catalysts  
Figure 4. Amount of ammonia desorbed by 
NH3-TPD (mmol. g-1) 
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diameter increases as the metal ion concentra-
tion increases on titania surface. 
Temperature programmed desorption (TPD) 
of ammonia serves as a dependable technique 
for the determination of the number and distri-
bution of acid sites in the specified temperature 
range. The NH3-TPD results show (Figure 4) 
an increased amount of total acidic sites for 
La3+ doped titania compared to bare titania. 
This shows the availability of adsorption sites 
in the modified samples, making them more ef-
ficient catalysts.  
Figure 5 shows the UV Visible Diffuse re-
flectance spectra of the bare and modified sam-
ple. Light absorption of pristine sample is in 
the UV region, but the spectral response of 
modified sample shows a red shift in absorption 
maximum.  The band gap of the bare titania 
and 0.5LaTiO2 sample was calculated by the 
equation (Eg = 1,239.8/λ) and were found to be 
3.1 eV and 2.8 eV, respectively [26]. This is one 
of the simple versions of Kubelka-Munk equa-
tion where ‘λ’ is the wavelength from which re-
flection has taken place. The red shift (Figure 
5) in the optical absorption band is due to the 
presence of La3+ ions, and it can be attributed 
to a charge-transfer transition between the lan-
thanide f electrons and the conduction or va-
lence band of the titania [27]. A larger red shift 
indicates that the sample can absorb more pho-
tons in the visible region.  
 
3.2 Catalytic activity towards the degrada-
tion of methylene blue 
Solar light induced photocatalytic activity of 
the samples was evaluated by investigating the 
kinetics of the degradation reaction of methyl-
ene blue in aqueous suspensions. After stirring 
the MB solution and the photocatalysts (200 
mg) in the dark for 30 minutes, the reaction 
has been carried out. The amount of adsorption 
was calculated by comparing the concentration 
of the MB dye before and after stirring. The 
percentage of dye adsorption was calculated 
using the formula: (Co-C)/Co×100%),   where C0 
is the initial and C is the residual concentra-
tions of MB and the values of dye adsorption 
are as follows: 5.3% (TiO2), 8.7% (0.5LaTiO2), 
7.4% (1LaTiO2), and 6.4% (2LaTiO2). A first-
order kinetic model was used to compare the 
reaction rate among different catalysts (ln C0 = 
kt + ln C) where C is the MB concentration at 
time t, k is the apparent reaction rate constant 
and C0 is the initial concentration. A plot of ln 
C0/C with respect to time t is plotted (Figure 6) 
to evaluate the rate constant. We assume that 
concentration of MB after attaining the desorp-
tion-adsorption equilibrium is the initial con-
centration C0.  
According to this kinetic model, the rate 
constants, k, were found to be 0.0009, 0.0023, 
0.0021, 0.0016 min-1 for TiO2, 0.5LiTiO2, 1La-
TiO2, 2LaTiO2, respectively. From these val-
ues, it is understood that the solar light reac-
tivity of TiO2 is significantly enhanced by La3+, 
especially for 0.5LaTiO2 catalyst. Not only the 
surface area but the synergistic effect of ana-
tase and rutile phase could also be responsible 
for enhancement photocatalytic activity under 
visible light irradiation.  
In the present study, doped and undoped ti-
tania show bicrystalline frameworks of anatase 
and rutile. All the catalysts showed good activ-
ity and the percentage degradation of MB in-
creases after La3+ doping. The enhanced activ-
ity of the modified titania can be explained due 
Figure 5. UV-DRS spectra of a) TiO2, b) 
0.5LaTiO2  
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Figure 6.   ln(C0/C) versus time plot of MB deg-
radation under solar irradiation for different 
catalysts  
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to the higher adsorption of MB. Moreover, it 
can be attributed to the formation of Lewis 
acid-base complexes between the MB and La3+ 
ions. La3+ dopant decrease the crystallite size 
(Table 1) which facilitates the absorption for 
MB. Doping had increased oxygen vacancies 
and/or surface defects in the TiO2 surface 
which helps in capturing photoelectrons and in-
hibits the recombination between photo elec-
trons and holes and results in enhanced quan-
tum efficiency [28]. The band gap of rutile is 
highly favorable for visible light excitation. The 
proposed charge transfer mechanism for our 
work is given in Figure 7. Under solar light ex-
citation, the photogenerated electron from the 
CB of rutile transfers to trapping sites of the 
anatase phase, which can be considered as an 
antenna effect by the rutile phase [29].  
Our report suggests that 0.5LaTiO2 shows 
the improved photo reactivity, which may be in 
favour of the most efficient separation of the 
charge carriers.  The value of the space charge 
region potential for the efficient separation of 
electron-hole pairs must be not lower than 0.2 
V. The space charge region becomes very nar-
row when the concentration of doping ions is 
very high.  This alters the penetration depth of 
light into TiO2 and exceeds the space charge 
layer; which in turn makes the recombination 
of the photo generated electron–hole pairs in 
semiconductor easier. Therefore, there is an op-
timum concentration of dopant ions to make 
the thickness of space charge layer substan-
tially equal to the light penetration depth. Ex-
cess amounts of lanthanum ion covering the 
surface of TiO2 would increase the number of 
recombination centers and result in low photo-
activity. So, LaTiO2 with more than 0.5 wt% 
show poor photocatalytic activity. The photo-
generated electrons could easily transfer from 
the interior to the surface of the catalyst, 
which would promote photocatalytic reaction. 
On the basis of the above analysis, it is sug-
gested that the enhanced photocatalytic activ-
ity of La3+ doped TiO2 could be a synergetic ef-
fect of many factors, including red shifts to 
longer wavelengths, polycrystalline phase and 
enhanced rates of interfacial charge transfer 
[30].  
 
4. Conclusions 
In conclusion, we have developed cost effec-
tive, recyclable, and environmentally benign 
La3+ doped TiO2 by solution combustion 
method. The synthesized catalyst has been 
identified with bicrystalline phase (anatase 
and rutile) having crystallite size of 20-35 nm. 
Moreover, a red shift in the absorption of modi-
fied titania is evidenced from diffuse reflec-
tance spectroscopy. Subsequently, these cata-
lysts have been investigated for the photode-
gradation of MB under solar light and proved 
to be an efficient photocatalyst for the treat-
ment of MB cationic dye. The degradation effi-
ciency has been remarkably increased and is 
strongly dependent on adsorption of the dyes 
on the catalyst surface. It is concluded that the 
synergic effect, small particle size and the 
separation of charge carriers (e-/h+) have a ma-
jor effect on photocatalytic activity of these ma-
terials. Hence, our results indicate the poten-
Figure 7. Charge transfer under solar light for La3+ doped bicrystalline titania  
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tial use of these materials in real wastewater 
treatment.  
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